suMMarY: invasion of alien species poses serious threats to many ecosystems. despite the potential of Sargassum muticum to spread and invade new areas, no attention has been given to the study of variability of structural or morphological features across different spatial scales. We employed a hierarchical sampling design to examine patterns of spatial variability of fertility and morphological variables of S. muticum over different spatial scales (quadrats, sites, locations, rias) ranging from metres to tens of kilometres. We repeated the sampling in March, april and July to test for the consistency of patterns through time. there was no variability between rias (tens of kilometres apart), but substantial differences occurred at the other scales examined. Fertility and percent cover varied between locations (1.5-3 km apart), whereas morphological variables varied between sites (tens of metres apart) and quadrats (metres apart). Furthermore, patterns of variation were not consistent over time. the study demonstrated the importance of a multi-scale sampling programme for monitoring seaweed invasion.
Scientia Marina 73(3) september 2009, 507-514, barcelona (spain) issn: 0214-8358 doi: 10.3989/scimar.2009.73n3507 intrOduCtiOn alien seaweeds and plants have increasingly arrived in new areas during the last few decades (verlaque, 2001 ). alien species are widely recognised as important agents of global change, and can colonise new habitats and even cause local extinction of native species (vitousek et al., 1997) . such invasions have serious effects not only on biodiversity per se, but also on the management and restoration of natural ecosystems.
a primary recommendation for designing monitoring programmes for effective habitat protection and restoration is that they should be based on sampling schemes at the spatial and temporal scales that characterise population and community dynamics of the species of interest. therefore, we first need to identify the spatial and temporal scale(s) at which there is consistent and predictable variation in the variable(s) of interest. Hierarchical sampling programmes can identify these patterns of variability and provide the necessary information for effective monitoring programmes (e.g. underwood and Chapman, 1998) .
in the context of alien seaweeds, hierarchical sampling programmes may be used to identify patterns of species distribution and to develop better management strategies (Pauchard et al., 2003) . in particular, we need to identify temporal fluctuations and spatial distribution of variables related to population dynamics and morphological characteristics of these species, as these patterns may be linked to invasion success.
scales of spatial and temporal variations in the reproduction mode or growth rate of alien seaweeds may vary according to environmental heterogeneity, including the distribution of intra-and interspecific competitors (e.g. Mooney and drake, 1986; rejmanek and richardson, 1996) . environmental heterogeneity (spatial, temporal and invader-driven) may increase the probability of coexistence between alien and native species, thereby reducing the negative impact on native populations and assemblages (spector and Putz, 2006) . Furthermore, phenotypic plasticity of physiological traits can modify the ability of some species to invade (Horton and neufeld, 1998; spector and Putz, 2006) . this is typical of seaweeds which have the potential to adjust their form and function to the immediate environment (e.g. viejo et al., 1995; Fernández, 1999; engelen et al., 2005) . For example, engelen et al. (2005) showed that size and biomass of Sargassum polyceratium Collins (taylor) individuals varied depending on wave exposure and depth. Moreover, Fernández (1999) reported different cycles of growth and reproduction of S. muticum depending on the vertical position on the shore.
Sargassum muticum (Yendo) Fensholt is native to se asia, but its present distribution includes europe, the Mediterranean sea and the west coast of north america (britton-simmons, 2004) . this species invaded northern spain in the 1980s (Pérez-Cirera et al., 1989) ; it was first observed on the Galician coast in 1986 (see Pérez-Cirera et al., 1989) and has since successfully colonised most of the Galician rias (sensu vilas et al., 2005) . the capacity of this species to spread and invade new areas seems to rely on a high reproductive potential and its ability to drift. the alga is monoecious, self-fertile and highly fecund (norton, 1977) , and possesses vesicles that allow the annually produced fronds to continue to float if detached. these fronds are able to survive and become fertile as they drift, thus increasing the potential for long-range dispersal. viejo et al. (1995) reported different growth rates in exposed and sheltered areas. as environmental conditions and biological and/or physical processes vary within and between intertidal shores at different scales (e.g. dayton and tegner, 1984; Menge, 1995) , it may be expected that percent cover and some S. muticum traits (such as branching frequency, length of primary lateral and fertility) will vary according to the spatial scale of heterogeneity.
despite the ability of Sargassum muticum to spread and invade new areas, very few studies have focused on the description of spatial patterns of distribution of this species (but see staehr et al., 2000; Harries et al., 2007) . Furthermore, no attention has been given to variability in structural, or morphological features (e.g. biomass, diameter of holdfast, density and number of laterals, length of primary lateral) across different spatial scales. so far, most studies have focused on physiology, autoecology or effects of S. muticum on the intertidal and subtidal assemblages (e.g. andrew and viejo, 1998; arenas et al., 2002; britton-simmons, 2004) . not many studies have examined the existence of patchiness in distribution and phenology of S. muticum within invaded areas (but see Fernández, 1999) .
in this paper, we used a hierarchical sampling design to identify scales of spatial variation of phenological and morphological traits of the fucoid alga Sargassum muticum (Yendo) Fensholt on the Galician coast. We specifically examined patterns of variability of percent cover, fertility, size of primary lateral and total number of laterals of S. muticum over a variety of spatial scales, ranging from metres to tens of kilometres, and the consistency of these patterns over time.
Material and MetHOds

Study area and sampling design
the study was carried out on the south region of the Galician coast, at the low-shore (0.4-0.8 m above the lowest astronomical tide) of the intertidal areas sited at the left side of two rias, ría de aldán (42°20'n; 8°51"W) and ría de vigo (42°10'n; 8°51"W), located 18 km apart (Fig. 1 ). in this region, the intertidal zone is dominated by the invasive seaweed Sargassum muticum and the native algae Bifurcaria bifurcata ross, corallina officinalis linnaeus, Saccorhiza polyschides (lightfoot) batters and diverse encrusting and turf-forming seaweeds (personal observation).
the sampling design included three scales of spatial variability, ranging from metres within a shore to tens of kilometres between rias. Within each ria we chose three locations 1.5-3 km apart. locations were characterised by well-developed Sargassum muticum beds and a similar type of substrate, i.e. gently sloping granitic rocky shores. locations varied slightly in terms of wave exposure, ranging from semi-exposed to sheltered locations (alvarez-salgado et al., 1993) . Within each location, we selected two sites 10-40 m apart. at each site, we randomly sampled six 0.25 m 2 quadrats at least 1.5 m apart along a marked transect running parallel to the coastline.
each site was sampled in March, april and July 2006, the period of greatest cover of Sargassum muticum. sampling was not carried out in autumn and winter, as the over-wintering structure consists only of a holdfast with a main axis (3-9 mm).
Sampling methods
estimates of percent cover were carried out with a 50 × 50 cm quadrat divided into 5 × 5 cm subquadrats. Percent cover was estimated by registering the presence/absence of Sargassum muticum individuals at each of the 81 intersections of the 5 × 5 cm sub-quadrats of a 50 × 50 cm quadrat. Within each quadrat the number of laterals per thallus and the length, i.e. size, of the longest primary lateral of 6 haphazardly selected S. muticum thalli was recorded. Fertility in each quadrat was estimated as the percentage of thalli bearing receptacles.
visual observations are less precise than more quantitative methods, but are often preferred when large areas must be surveyed at relatively low cost. subjective methods have the potential problem that variability among samplers may be a significant source of variation. a comparison among different samplers investigating the same quadrat showed that estimates of algal cover diverged by ± 5 to 10% depending on the abundance. Potential error in the data was minimal, as the same two persons performed all surveys.
Statistical analysis
all variables were analysed separately at each sampling time, using nested analyses of variance (anOva). Phenological variables (percent cover, fertility) were analysed with ria (2 levels), location (3 levels, nested in ria) and site (2 levels, nested in location) as random factors. Morphological variables (length of primary lateral, number of laterals) were analysed including quadrat (6 levels nested in site) as an additional random factor. data were also analysed including time of sampling (3 levels, random) as an orthogonal factor to test for spatio-temporal interactions. the homogeneity of variance was examined using Cochran's c-test before running the analysis. data were log (x+1) or square-root transformed when necessary to normalise their distribution and to remove heteroscedasticity (underwood, 1997) . to determine which scales were associated with the greatest variability, the components of variation on each spatial scale were independently calculated from the mean square estimates (underwood, 1997) .
Where a component of variation was estimated to be negative, it was removed from the model and the mean square estimates were re-calculated for the remaining factors (Fletcher and underwood, 2002) . the terms eliminated from the model are presented as zero variance in the results section. results both phenological (percent cover and fertility) and morphological (length of primary lateral and number of laterals) variables showed significant differences in their mean values for at least one of the spatial scales analysed (table 1a) . Overall, percent cover and fertility varied among locations (e.g. 1.5-3 km apart), except for fertility in april, which varied at the scale of sites (table 1a) . in addition, there were 
* sites (l(e)) was eliminated and its sums of squares pooled with residual (i.e. non-significant at P = 0.25) (underwood, 1997). Fig. 2b) , due to the different temporal pattern found at location 1 within the ría de vigo (l1 in Fig. 2 ). this location showed the greatest early percent cover in March and it was the only location where this percent cover decreased in July (snK tests, P<0.05, Fig. 2a ). at the same location, fertility of S. muticum decreased until the absence of reproductive plants in July, though July represented the time with the highest percentage of reproductive thalli at all the other locations (Fig. 2b) . Morphological variables varied among sites and quadrats (table 1b) . variability at the scale of location was only significant in March, when primary laterals were longer in specimens from location 1 within the ría de vigo (location 1 in Fig. 3a ). location 1 also had the largest variability in the number of laterals between quadrats and sites (Fig. 3b) . there were significant interactions between times of sampling and the spatial scales, from locations to quadrats. For length of primary lateral, the spatio-temporal interaction was both at the quadrat (F 120, 1080 Fig. 4a) , whereas for the number of laterals, the interaction was at the quadrat (F 120, 1080 Fig. 4b) .
the largest contribution to the total variation always originated from the smallest scale analysed. For fertility and percent cover, the largest variation was found at the scale of quadrats within sites, whereas morphological variables showed the largest variation at the scale of thalli within quadrats. these averaged (± se) 76 ± 11% for percent cover, 75 ± 6% for fertility, 49 ± 7% for length of primary lateral and 69 ± 7% for number of laterals (averaged across the 3 times of sampling). an important result was that some of the Fig. 3. -variation of morphological variables at quadrat scale (n= 6). Mean (± s.e.) of (a) length of primary lateral (cm) and (b) number of laterals in each of the 6 quadrats (Q) within the 2 sites (s1-s6) in the 3 locations at ría de vigo (ria 1). Only March is represented. Fig. 4 . -temporal variation of morphological variables at location and site scales, respectively. Mean (± s.e.) of (a) length of primary lateral (cm) at each of the 3 locations within the 2 rias (n = 72) and (b) number of laterals at each of the 2 sites, at the 3 locations within the 2 rias (n = 36). black, grey and white bars represent March, april and July, respectively. ria 1: ría de vigo; ria 2: ría de aldán.
estimates were negative, indicating that the spatial variability at the largest scales was underestimated (Fig. 5) . For percent cover and fertility, 3 of the 24 comparisons (averaged across the 3 times of sampling) gave negative values for the variances between rias and 3 gave negative values for the variances between sites (Figs. 5a, b) , whereas for morphological variables 6 of 30 comparisons gave negative values for the variances between rias and 2 gave negative values for the variances between locations (Figs. 5c, d ).
disCussiOn
When the scales at which variation occurs are not known in advance, sampling using nested designs can identify the relevant scales of variability to be incorporated into further research (underwood, 1997; underwood and Chapman, 1998) . using a hierarchical sampling programme we identified the scales of greatest spatial variability and tested their consistency through time, which is also fundamental to make hypotheses on the possible processes regulating invasiveness of Sargassum muticum. We also demonstrated the importance of multi-scale sampling schemes when S. muticum invades new habitats. this is the first study to consider multiple scales of variability in the morphological and phenological patterns of S. muticum.
We found evidence that substantial differences in all variables analysed occurred at a variety of spatial scales. simple sampling procedures are thus not informative enough on the real ecological status of the species, because Sargassum muticum spreads in patches of different size, depending on the variables of interest (e.g. Fernández, 1999) . the phenological state of this species (e.g. percent cover and fertility) varied at relatively large scales (km), whereas morphological parameters were consistently variable among sites. Phenology and morphology also showed patchiness at the smallest scales analysed (i.e. between quadrats, metres apart), indicating that an array of both large-scale and very local processes may affect its reproduction and morphology.
Processes that facilitate or inhibit invasion are likely to operate at different spatial scales (stohlgren et al., 1999) . information on the patterns of variability may provide indications on the processes responsible for the invasion. the meso-scale variability (among locations) in the phenology was very likely related to differences in the environmental conditions of locations such as wave exposure, sediment rates or other processes correlated to sedimentation such as nutrient concentration (schaffelke and Klump, 1997) . location 1 within ría de vigo was indeed characterised by less wave exposure, and a probable consequent increase in sedimentation and particulate organic deposition (see Josenfson and Conley, 1997) . at this location, Sargassum muticum had the highest percent cover and fertility, but the fertile period reached its maximum earlier and was shorter (all plants returned to a vegetative state by early July). although the effect of nutrient concentrations on seaweed reproduction is complex (Hoffmann and santelices, 1991; lüning, 1993; sánchez and Fernández, 2006) , studies on the spanish coast showed that establishment, spread and fertility of S. muticum are enhanced by increased nutrient concentrations (arenas et al., 1995; arenas and Fernández, 1998) . Furthermore, sedimentation can kill other seaweeds, especially those characterised by short thalli, inhibit recruitment of certain macroalgae (isaeus et al., 2004) , and thus liberate the space available for growth and reproduction of S. muticum. similarly, sediment deposition can inhibit feeding behaviour of herbivorous species such as fishes, sea urchins or limpets (e.g. airoldi and Hawkins, 2007) , thereby changing the strength of grazing pressure on S. muticum. in addition, the shortened period of fertility at location 1 may be related to a local increase in temperature due to the minor exchange of water related to decreased hydrodynamism, which might have a negative effect on both growth and reproduction of S. muticum during summer (Plouguerné et al., 2006) . Here, temperature increase in summer can overlap the effect of nutrient enrichment and reduce the length of the reproduction period. variability among sites and at the lowest scales in the morphological response variables might reflect local differences due to topography complexity, that can operate at the small scales of metres and even centimetres (e.g. sites or quadrats). For example, increased complexity can either create more numerous or different microhabitats available for the development of those species that can adapt to environmental changes or simply increase the availability of space and reduce competition with other species (Fernán-dez, 1999; Piazzi et al., 2004) .
intraspecific competition and other densitydependent processes may also induce changes in morphology and reproduction at a small scale, i.e.<2 m (andrew and viejo, 1998; arenas et al., 2002) . Furthermore, the significance of this density-dependent regulation in the dynamics of Sargassum muticum populations might vary between different places according to other environmental factors such as hydrodynamism (norton et al., 1981; viejo et al., 1995) . We found that S. muticum had the largest primary laterals and the greatest percent cover at the most sheltered location (location 1 within the ría de vigo). at this location S. muticum also showed the largest variability at a small scale in morphological variables. such variability may be the indirect result of less wave exposure, affecting percent cover and length of plants and thereby increasing the significance of density-dependent processes. small-scale variability (metres to tens of metres), however, is never completely explained by ecological processes and stochastic variation is often called in to explain the residual variability that is not explained by the heterogeneity of the substratum (e.g. underwood and Chapman, 1998).
the variation in both morphology and phenology at a small scale, i.e. between sites, can sometimes indicate that Sargassum muticum can have phenotypic adaptation to local environmental heterogeneity due to phenotypic plasticity and/or genetic differentiation. if different phenotypes are favoured in different environments, selection may either preserve genetic variation, assuming an insignificant gene flow, or lead to evolution plasticity (Jormalainen and Honkanen, 2004) . this is an interesting consideration that should be further explored with reciprocal transplants of adult plants and zygotes, in order to determine whether genetic differentiation or phenotypic plasticity are the mechanisms driving such spatial variability.
in conclusion, it is highly likely that the scales of spatial variation that we have identified were due to a real difference in the ecological processes and/or synergism among processes operating at different spatial scales, but they might also indicate stochastic variations or variations that cannot be explained with the present ecological knowledge. this leads us to conclude that the development of Sargassum muticum in new habitats cannot be monitored using simplistic experimental designs, but will need a strategy that takes into account numerous scales of variability and both morphological and reproductive indices at the same time. information on the repeatability of the patterns and their variation according to the reproductive and growing period of the alien species is the first step towards identifying the mechanisms that account for a successful invasion and proposing testable hypotheses that attempt to account for the observed patterns. aCKnOWledGeMents this research was supported by the spanish Government through the Ministry of education and science (PrOJeCt CGl2005-02269). Funds to i.F. rodil were provided by a predoctoral grant (XuGa, María barbeito).
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